Intrinsic fluorescence was applied to quantitatively describe the interfacial adhesion of nanoparticles in polystyrene/poly(vinyl methyl ether) (PS/PVME) blends. Due to the aggregation of aromatic rings on PS chains, the temperature dependence of excimer fluorescence intensity (I 324 ) showed the high sensitivity to the phase separation process. Consistent with Ginzburg thermodynamic model, it was found that the addition of spherical hydrophilic nanoparticles shifted the phase separation temperature to higher temperatures due to the aggregation of silica into PVME chains leading to the free energy reduction and slowing down the phase separation dynamics. A certain composition of polymer blend, i.e. 2/8, was focused on to shed light on the dynamic of spinodal decomposition (SD) phase separation by using decomposition reaction model. It was shown that the addition of nanoparticles to polymer blends resulted in the deviation of linear relationship between the initial SD phase separation rate (R p0 ) and thermodynamic driving force (!f SD ). Besides, for PS/PVME (2/8) with 2 vol% silica nanoparticles, the apparent activation energy of phase separation (E a ) was 196.61 kJ/mol, which was higher than that of neat PS/PVME (2/8) blend (E a = 173.68 kJ/mol), which strongly confirmed the interfacial adhesion effect of silica nanoparticles as compatibilizers.
Introduction
During the past years, a large number of studies focused on the miscibility and phase separation in polymer blends, from both theoretical and experimental viewpoints [1] [2] [3] [4] [5] [6] . For polymer mixtures, controlling components compatibility has always seemed to be a very important factor in polymer industry. Recently, as potential compatibilizers, nanoparticles have attracted more and more attention due to their important role the immiscible polymer blends [7] [8] [9] [10] [11] [12] . It has been shown that introducing nanoparticles can make the phase behavior more complicated by changing the shape of the phase diagram [13] , changing the interaction parameter between two components [14, 15] , and increasing or decreasing the phase separation temperature [13] [14] [15] [16] . Among previous studies, a number of analytical methods [17] [18] [19] [20] [21] such as thermal analysis, atomic force microscopy (AFM), and scattering methods (visible light, neutron, X-ray) have been frequently used to investigate phase behavior of polymer blends. However, each of these techniques has its advantages and disadvantages, depending on the systems and problems of interest. For instance, the thermal analyses are very convenient to observe the miscibility in polymer blends, but sometimes it is hard to detect T g s of polymer blends very clearly.
Compared with AFM, light scattering methods are superior because one can analyze the relaxation rate as a function of the scattering vector and that one can follow, in situ, the rapid growth of the fluctuations without introducing an additional physical process such as freezing a given phase-separated state. However, the light scattering technique inevitably depends on the expensive equipment and sophisticated process. As a sensitive method, the fluorescence technology is also widely applied to investigate macromolecular chain movements with probe and labeling [22] [23] [24] . Furthermore, it has been proved that the fluorescence technique can provide us with information on a scale smaller than conventional light scattering and comparable to small-angle neutron scattering [25] . Although fluorescence method can obtain lots of useful information of polymer micromorphology and microstructure, the labeling procedure is often tedious. In addition, in most of the fluorimetric studies of polymer, the fluorescent probe was covalently attached to one of the polymers, which in fact changed the microenvironment of macromolecules and made the macromolecules more hydrophobic, thus enhancing their complexation ability. Actually, the intrinsic fluorescence of polymers (e.g. polystyrene) has also been shown to be highly sensitive to issues ranging from local polymer conformational populations in solution and phase behavior in solvents and polymer blends to local microenvironments in bulk homopolymers [26] [27] [28] [29] [30] . Thus, intrinsic fluorescence was employed to investigate the phase separation behavior of polymer blends in our work. Here, polystyrene/poly(vinyl methyl ether) (PS/PVME) blend has been chosen as a model system. This blend exhibits a typical lower critical solution temperature (LCST) behavior [31] [32] [33] , which is illustrated by the schematic polymerpolymer phase diagram in Figure 1 . In this work, the interfacial adhesion of nanoparticles in PS/PVME blends has been quantitatively characterized by intrinsic fluorescence combining with a simple model based on decomposition reaction.
Experimental 2.1. Materials
PS (M w = 354 000 g/mol, PDI = 1.05, Polymer Source Inc., Canada) and PVME (M w = 90 600 g/mol, PDI = 1.95, Scientific Polymer Products Inc., U. S. A.) were used in this study. Silica nanoparticles (Aerosil 200) were supplied by Evonik-Degussa Co., (Germany) with an average diameter of 12 nm and a specific surface area of 200 m 2 /g. The particles were dried at 120°C under vacuum for 24 h to eliminate the physically absorbed and weakly chemically absorbed species. The PS/PVME/nanoparticles samples were prepared by continuous mechanical mixing of the components in toluene. And then, film samples were prepared by casting from 10 wt% toluene solutions of the polymer blend containing onto quartz plates at room temperature. The films were further heat treated in a vacuum oven at 45°C for 4 h and then 65°C for 24 h in order to remove the residual solvent. The vacuum was applied slowly to prevent any possible bubble formation. We found this procedure resulted in homogeneous films which were slightly opaque. The thickness of film was about 3 µm.
Methods
All the fluorescence emission spectra were recorded using a FLS920 Combined Fluorescence Lifetime and Steady State Spectrometer (Edinburgh, England) in front-face geometry. The excitation wavelength is at 260 nm and the slit (ex/em) width of the measurements was 1.5 nm/2.5 nm. The sample is heated by conduction via a nitrogen exchange gas in the sample space and the temperature control is achieved by a combination of manual nitrogen flow control and power dissipated in an electrical heater, regulated using an ITC temperature controller. By using this temperature-controlling accessory, the variable-temperature measurements within 77-500 K can be carried out with the stability of ±0.1 K. In non-isothermal measurement, the sample was heated at a rate of 0.5 K/min with a time interval of 10 s for each increase of 2.5 K, while in isothermal measurement, the sample was heated to a specified temperature within 1 minute and then kept for 15 seconds.
3. Results and discussion 3.1. Phase separation temperature Figure 2 shows the intrinsic fluorescence spectra of PS/PVME (2/8) film at different temperatures. It is clear that, for each spectrum, a maximum intensity can be observed at 324 nm, with a second, lesser peak at 283 nm. It is worth mentioning that, intrinsic fluorescence of PS consisted of both monomer and excimer fluorescence, the former due to emission from a single excited-state phenyl ring, while the latter due to the emission from an excited-state dimer consisting of two phenyl rings in a parallel, sandwich-like conformation with an inter-ring separation distance of 3-4 Å [34] [35] [36] . Hence, it is easy to understand that the intrinsic fluorescence peak at 324 and 283 nm should be ascribed to the excimer and monomer fluorescence, respectively. For PS, there exist three types of nominal excimer forming sites: (i) intermolecular interaction between rings on different chains (ii) intramolecular interaction between rings on nonadjacent chain segments and (iii) intramolecular site formed between aromatic in Figure 2 , the intrinsic fluorescence intensity in the whole wavelength range increases as the temperature increases in the temperature range studied here. It is worth mentioning that the excited state of chromophore promoted by the absorption of a photon is usually deactivated by radiative (fluorescence K r ), and non-radiative (K nr ) and radiative energy transfer rates (K RET ), thus the change in intrinsic fluorescence intensity (I) can be understood considering Equation (1) for the fluorescence quantum yield (! F ):
(1)
Since K r only depends on temperature through the refraction index [40] , Equation (1) can be expressed as Equation (2): (2) where K r 0 is a constant independent of temperature and n is the refraction index. Therefore, from Equation (2), it can be seen that intrinsic fluorescence is mainly influenced by n, K nr and K RET . Based on this point, the changes in intrinsic fluorescence intensity of excimer and monomer should be interpreted in terms of the balance of these three factors: (i) the reduction of the refraction index [41] ; (ii) the deactivation of the fluorescence by non-radiative processes due to the increased thermal motions, and (iii) the attenuated radiative energy transfer caused by the decreased the local concentration of chromophore during volume expansion [42] . The detailed mechanism will be mentioned in the next section. In general, the results shown in Figure 2 reveal the sensitivity of the intrinsic fluorescence in the phase separation process of PS/PVME film. Since the minor emission (monomer) was gradually affected by the adjacent major emission (excimer) in the fluorescence spectra during phase separation so that its intensity change could not reflect the actual conformational transitions. Thus, we only focused our attention on fluorescence intensity of excimer (I 324 ) rather than monomer (I 283 ). As shown in Figure 3 , I 324 first decreases slightly with the increasing temperature and then sharply increases at 368 K. It is noteworthy that the fluorescence intensity, which is proportional to the fluorescence quantum yield, is expected to decrease with increasing temperature because of an enhancement of nonradiative decay rates with increasing thermal energy. Besides, the change in the temperature dependence
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Figure 2. The intrinsic fluorescence spectra of PS/PVME (2/8) film at different temperatures. The inset shows enlargement of emission peak at 283 nm at T g is a manifestation of the change in the temperature dependence of polymer density which also affects non-radiative decay processes [43] . It can be seen that a faster decrease in the intrinsic fluorescence intensity appears at T > T g of PS, although the degree to which the intensity declines is small [43] . Thus, the sharp rise in fluorescence intensity should be taken as the signature of phase separation of PS/PVME. For comprehensive understanding of this behavior, the temperature dependence of excimer to monomer fluorescence intensity ratio (I 324 /I 283 ) is also taken into account since excitedstate monomer and excimer can be interconvertible during aggregation of PS [37] [38] [39] . Obviously, the value of I 324 /I 283 does not change so much and starts to enhance at above 368 K (see Figure 3 ). As we know, I 324 /I 283 depends upon two major factors [37] : (i) the electronic stability of the excimer complex, as manifested through the radiative and nonradiative fluorescence decay constants of the excimer and monomer which usually are not expected to vary appreciably and (ii) the number of excimerforming sites [44] including the intramolecular site formed between aromatic rings on adjacent and/or nonadjacent repeat units on the same chain, and the intermolecular site formed between aromatic rings on different polymer chains. Thus, the explanation of variation of I 324 and I 324 /I 283 should now be clear. At T < 368 K, the invariant value of I 324 /I 283 suggests that almost no conversion between monomer and excimer occurs, and thus the reduction of I 324 should be attributed to the decrease of excimer fluorescence quantum yield caused by the enhancement of non-radiative decay rate [24] before phase separation. At T > 368 K, the aggregation of PS chains during phase separation results in the increase of the number of both intramolecular and intermolecular excimer sites, i.e. an increased probability of remote segment contact on the same chain and clustering of segments on different chains (see inset of Figure 3 ), leading to the increase of I 324 and I 324 /I 283 . Due to the more distinguishable change of excimer fluorescence intensity during aggregation, only I 324 will be considered for investigating the phase separation behavior in the following discussion.
In the case of nanoparticle-filled samples, temperature dependence of I 324 is shown in Figure 4 for the PS/PVME (2/8) film with 2 vol% silica nanoparticles. In comparison with Figure 3 , the intrinsic fluorescence spectra for PS/PVME with and without nanoparticles are very similar (see inset of Figure 4) , which suggests fluorescence behavior of chromophores on PS chains in blends are not affected by the addition of nanoparticles. However, the inflection point for PS/PVME (2/8) film with 2% silica nanoparticles shifts to a higher temperature (375 K). This phenomenon should be attributed to the change of network structure in the blend caused by interfacial adhesion. Note that PVME molecules (dispersive solubility parameter, " d = 15.5 MPa 1/2 , and polar solubility parameter, " p = 7.1 MPa 1/2 ) are much more polar than PS molecules (" d = 18.1 MPa 1/2 and " p = 1.1 MPa 1/2 ) [45] so that PVME chains tended to be preferentially absorbed on the nanoparticles surface. On the other hand, due to great thermodynamic work of adhesion between PS and PVME [46] , the PS/PVME interface is still relatively stable under the shear forces during mixing so that nanoparticles more likely exist in PVME but not at the interphase between PS and PVME, forming the final core-shell structure which has been confirmed in scanning electron microscopy results obtained by Gharachorlou and Goharpey [46] . When the SD phase separation occurs, the low mobility region absorbed on nanoparticles would act like a network of obstacles for the coarsening of the interfaces and slow down the transition from interpenetrated structure to matrix-disperse [47] . Thus, the interconnected network can remain in its initial state for a longer time, showing a higher phase separation temperature which will be discussed in the following section. Figure 5 shows the phase separation temperature curve determined by intrinsic fluorescence for PS/ PVME blends with and without 2% silica nanoparticles. For each case, the extremum temperature appears at the low PS volume fraction (i.e. " c = 0.2), resulting from the higher molecular weight of one component (i.e. PS) [48] . Besides, as we know, the phase separation of PS/PVME film usually undergoes two different mechanisms, i.e. spinodal decomposition (SD) and nucleation and growth (NG) [33] . This critical PS volume fraction strongly suggests the phase separation of PS/PVME blend (2/8) that we focused on occurs only by SD mechanism since the binodal curve and spinodal curve intersect at " c (shown in Figure 1) . Recently, Ginzburg [16] proposed a simple model describing the thermodynamics of two homopolymers (A and B) with spherical nanoparticles (covered with an A-polymer layer). Here, the A-polymer refers to PVME (see inset of Figure 5 ). From his theory, one can obtain the effective decrease in the spinodal temperature of an upper critical solution temperature (UCST)-type binary blend in the presence of nanoparticles (Equation (3)): (3) where # and T sp are the nanoparticle volume fraction and spinodal temperature of the neat binary blend, respectively. From Equation (3), it follows that for a binary blend (" = 0.2) with a critical temperature of 368 K, addition of 2 vol% nanoparticles can reduce the spinodal temperature by about 7 K. Naturally, for LCST-type blends, the situation would be the opposite. In our work, addition of 2 vol% fumed silica caused the spinodal temperature to shift from 368 to 375 K for PS/PVME (2/8) blends. Therefore, the model proposed by Ginzburg successfully predicts the interfacial adhesion of nanoparticles in PS/PVME system.
Kinetics of whole process of phase separation.
To further characterize the interfacial adhesion of silica nanoparticles, the isothermal phase separation was also studied. The intrinsic fluorescence spectra of PS/PVME (2/8) film at 370 K at different times are presented in Figure 6 . As expected, the time dependence of I 324 shows that the intensity of spectra first steeply increases with the temperature increased, and then levels off which indicated the completion of phase separation process (see inset of Figure 6 ). The similar behavior has also been found in the case of PS/PVME with silica nanoparticles. Hereafter, I 324 is used to perform a quantitative analysis of the kinetics for PS/PVME with and without nanoparticles. Taking into account the slight fluorescence difference induced by the different thickness of films, the relative extent of phase separation (#) at time t has been considered. # is defined as Equation (4): Figure 5 . Phase separation temperature curve determined by intrinsic fluorescence for the PS/PVME blends with and without 2% silica nanoparticles The inset shows the schematic representation for spherical nanoparticles covered with PVME chains.
where I t , I 0 and I $ are I 324 for phase separation at time t, 0 and $, respectively. Time dependences of relative extent of phase separation of PS/PVME (2/8) film are shown in Figure 7 . It can be seen that, the higher the temperature was, the faster the phase separation occurred, which was characteristic phase separation behavior of LCST polymer blend. The curves for PS/PVME/nanoparticles are similar with Figure 6 , which are not shown here. In order to simplify the quantitative calculation of the phase separation kinetics, we proposed a simple model based on decomposition reaction (see Figure 8) , assuming nanoparticles always remains in the PVME phase. When the phase separation takes place, the 'reactant' (A), i.e. PS/PVME or PS/PVME/ nanoparticles, would be decomposed into two products, i.e., (B) PS and (C) PVME or PVME/nanoparticles. As far as the 'decomposition reaction' with one 'reactant' is concerned, the evidence in favor of the first order reaction is quite convincing, which means the rate of reaction is directly proportional to the concentration of one of the reactants [49, 50] . As a result, the rate of SD (R p ) can be simply expressed by Equation (5) [51]:
where [A] stands for the weight ratio of un-phaseseparated polymer blends to entire polymer blends (i.e. phase-separated part + un-phase-separated part), and k p is the rate constant of SD. The integrated form of Equation (5) is shown in Equation (6) As expected [52] , a linear relationship (|R| = 0.9958) is found for neat PS/PVME blend between R p0 and thermodynamic driving force (!f SD ), i.e. (see Figure 9) . Interestingly, however, in the case of PS/PVME blend with nanoparticles, with the best fit (|R| = 0.9998), R p0 does not increases linearly not quadratically with !f SD , which suggests a stronger dependence of phase separation rate on the thermodynamic factor in addition of nanoparticles. Since the interfacial tension changes with the temperature changes [53] , this behavior is probably due to the temperature dependence of preferential surface adsorption of silica nanoparticles in the polymer blend at the higher temperature.
On the other hand, since the relative extent of phase separation (#) can be understood as the percent con- version of decomposition reaction at time t, the Equation (6) can be written as shown in Equation (7): (7) Therefore, the relationship between $ and R p can be expressed by Equation (8): Figure 10 exhibits plots of ln(1 -$) vs. time of phase separation for PS/PVME (2/8) film. By using Equation (8) , k p can be easily obtained from the slopes of linear-fit lines in Figure 10 (see Table 1 ). Similarly, the phase separation rate constants for PS/PVME/nanoparticles were also calculated in this way. As can be seen in Table 1 , all the absolute values of correlation coefficients (R) are in the range of 0.97-0.99 (very close to 1), which strongly confirms the above kinetics analysis based on the decomposition reaction assumption is reasonable. To better describe the adhesion effect of nanoparticles in the polymer blends, apparent activation energy, E a , of phase separation are obtained by applying Arrhenius equation (k p = Aexp(-E a /RT)) here. Figure 11 presents the plot of lnk p against the reciprocal of temperature for the PS/PVME (2/8) with and without nanoparticles. Obviously, for each case, the rate constant k p decreases with temperature increases and lnkp ~1/T plot shows a good linear relation. Thus, E a can be calculated from the slope of lines. As listed in Table 1 , the apparent activation energy of the neat PS/PVME blend (E a = 173.68 kJ/mol) was lower than that of the PS/PVME blend with nanoparticles (E a = 196.61 kJ/mol). These values are very similar to apparent activation energy of phase separation for PS/PVME (2/8), 194.68 kJ/mol, obtained by resonance light scattering method [55] . It is worthwhile to mention that in the case of SD, the phases are interconnected at the initial stage of phase separation, during which the Figure 9 . The dependence of SD initial rates on the thermodynamic driving force for the PS/PVME blends with and without 2% silica nanoparticles Figure 10 . Plots of ln(1 -%$) against time of phase separation for PS/PVME (2/8) film Figure 11 . Plot of lnkp film against the reciprocal of temperature for the PS/PVME (2/8) with and without nanoparticles domains are constant in size. With the time or temperature increases, the phase domains then grow in size while maintaining their connectivity, while in the latter stages the phases break into small spheres and then merge into macrospheres [54] . Note the phase growth is diffusion controlled, thus this apparent activation energy is a key parameter for characterizing the diffusion rate of macromolecular chains in polymer blends. So one can easily understand that the lower its value is, the easier the cocontinuous network structure can be formed and transformed into macro-separated phases. This result highly consists with the results shown in Figure 5 , clarifying the interfacial adhesion of silica nanoparticles.
Conclusions
In this work, the interfacial adhesion of nanoparticles in PS/PVME blends was studied by intrinsic fluorescence method. By monitoring the temperature dependence of excimer fluorescence intensity, it can be seen that the addition of spherical hydrophilic nanoparticles shifted the phase separation temperature to higher temperatures. This behavior was due to the absorption of some PVME chains on nanoparticles surface which assisted the free energy reduction and the stability of the homogeneous phase, slowing down the phase separation dynamics. Furthermore, a simple model based on the decomposition reaction was proposed to perform the quantitative analysis of the SD phase separation kinetics. Compared with neat blend, a stronger dependence of phase separation rate on the thermodynamic driving force was observed in the PS/ PVME (2/8) with 2 vol% silica nanoparticles. The results of apparent activation energy strongly confirmed the interfacial adhesion of silica nanoparticles in PS/PVME blends.
